Producing nano-structures with embedded bright ensembles of lifetime-limited emitters is a challenge with potential high impact in a broad range of physical sciences.
Photoluminescent defects in diamond are atom-like systems in the solid state that have unique photo-physical properties. Most of them indeed feature stable and bright photoluminescence (PL) at room temperature, making them ideal single photon sources. In particular, the electronic spin of the negatively charged nitrogen vacancy (NV − ) defect can be manipulated at room temperature, used to probe magnetic and electric fields, as well as nearby nuclear spins, and to realize a temperature and strain probe. 1 Another defect, the negatively charged silicon vacancy center (SiV − ) has also received considerable interest over the past decade. One advantage of the SiV − center over the NV − center is that most of its photoluminescence concentrates in the zero-phonon line. Moreover, SiV centers provide optical qubit states with coherence times exceeding 10 ms at temperatures below 500 mK. 2 Another advantage of the SiV centers spectral lines is that they are almost insensitive to nearby charge fluctuations, 3 due to their inversion symmetry, which leads to a narrow inhomogeneous broadening.
For many applications in sensing, labeling and quantum information, using color centers within nanostructures and nanodiamond (NDs) is essential to incorporate them into cells or use them for scanning probe-based sensing. Using NDs also means more efficient collection of their PL. Incorporating ensembles of SiV centers into diamond nanostructures while remaining close to the lifetime limit is challenging because preserving the axial symmetry is a difficult task. Indeed, in NDs, strain breaks the axial symmetry, which makes the centers very sensitive to surface charge fluctuations and in turn increases the spectral diffusion. There is however great progress in this direction. Single SiV − centers in CVD grown nanodiamonds have exhibited 20 GHz linewidths, limited by spectral diffusion. 4 Single SiV centers with lifetime limited linewidth (approx. 100 MHz) has already been achieved in diamond nanostructures using implantation 5 or via plasma etching. 6, 7 Single SiV centers in nanodiamonds grown via a high-pressure high-temperature method and subsequently treated in hydrogen plasma have also exhibited very close to lifetime limited linewidths (354 MHz). 8 The static spectral shifts due to strain are however typically very large in nanostructured diamonds. It can be turned into an advantage since single SiV can be spectrally isolated, however, this precludes reaching the lifetime limit when using ensembles of SiV centers in nanostructure.
In this work we will use CVD grown low-strain nano-pyramids together with charge state conversion as a means to counteract this issue.
For most defects in diamonds, charge state conversion plays an important role. It can lead to an overall decay of the PL and can necessitate laser pulse sequences for repopulating the desired charged states. Conversely, charge state conversion can have advantages. It was
for instance used to demonstrate detection of the NV − electronic spin state 9 and lead to the development of ground-state depletion microscopy (GSD) 10 and persistent hole burning.
11,12
As in the case of NV centers, switching the charge state of the SiV was also observed 13 and used to manipulate single SiV − centers.
14 Further, as opposed to the NV center, the neutral form of the SiV center has impressive spin properties.
15
In this work, we first demonstrate optical and fatigue-free charge state control over a high density of SiV centers located at the apex of a diamond nano-pyramid. We then use resonant photo-luminescence excitation in conjunction with persistent hole burning to show close to lifetime-limited emission of thousands of bright emitters in a volume below λ 3 .
The samples that we employ are CVD grown Artech Carbon AFM tips. These samples were investigated in Ref. [16] [17] [18] where ensembles of SiV − centers located at the ten nanometer size apex of the tip already show inhomogeneous broadening that is less than 10 GHz. 17 We have two different types of samples at our disposal : pyramids containing nitrogen impurities and pyramids where no nitrogen was detected. Both contain SiV centers mostly at the apex. 17 In the present study, we mainly study the first sample. The pyramids are deposited on quartz or silicium substrates as depicted in Fig. 1-a) . To study their PL properties, we use the same homebuilt confocal microscope working at cryogenic temperatures as in Ref.
17 and now add a laser tuned to the 737 nm zero-phonon line.
The nitrogen concentration of the diamond nano-pyramids under study is 10 ppm.
spectrum measured at the apex of the pyramids is shown in Fig. 1-b that we use in the experiment and the fact that most of the emission is funneled through the diamond tip.
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A zoom on the SiV − ZPL is plotted in Fig.1-d Photoluminescence excitation (PLE) using a laser that is scanned about the ZPL is an efficient method to obtain an even higher spectral resolution. In PLE experiments with SiV centers, a resonant laser beam at 737 nm is scanned close to the SiV ZPL, and the PL is collected on the phonon side band (PSB) after filtering the laser light using a longpass filter.
In our first attempts to do so, we observed no PL on the PSB. However, when the green laser is present, the resonant laser could increase the PL. Fig. 2 -a) shows a typical time trace where the photoluminescence rate in the 750 and 770 nm range is plotted for 18 s during which green and red lasers are turned on and off and kept at optical powers of 4.3 mW and 9.5 µW respectively. Their wavelengths are 532 nm and 737 nm respectively. When the green laser is turned on, a count rate of 520 kcounts/s is measured. This count rate is stable for hours. Here, we then turn on a red laser at a time t=2.6 seconds. The count rate then increases to 830 kcounts/s, with also similar long term stability. When turning off the green laser, at a time t=6s however, the photoluminescence of the SiV − center is completely suppressed. This dark state can be switched again back on by applying a laser at 532 nm. We repeated the same procedure and measured the same photoluminescence rates by applying the green and red sequence again. Crucially, this effect is only seen when using pyramids that contain nitrogen. When doing similar sequences with nitrogen free pyramids, the PL is still present under red excitation, even if the green laser is turned off. This observation points towards a decisive role played by nitrogen impurities.
There is also no trapping into the dark state in the absence of illumination even after letting the system evolve in the dark during hours. We also measured that the lifetime of the dark state is more than one hour and that the trapping process occurs also with laser wavelengths above 630 nm at room temperature. As we will explain in the following, this "dark" period is due to a charge state conversion of the SiV center.
To gain more insight into the nature of this charge state transfer process, we recorded the PL counts as a function of green and red laser powers. We then measured the photoluminescence decay time after shining the red laser. This measurement is done without green laser light, for modest red-laser powers (2.1µW), after having prepared the SiV − centers using green excitation. As shown in Fig. 3-a) , we turn on the resonant laser at time t = 0s and monitor the photoluminescence decay. We see that it takes place on time scales of about 100 ms. This means that the dynamics is governed by photoionisation towards the conduction band and not by direct optical excitations, the latter typically taking place on nanosecond time scales. Importantly, no plateaus in the decay curve are observed which again highlights the very high SiV center concentration. The solid lines are a fit using the model that we describe next.
The charge conversion process occurs through photo-ionisation. This is indeed a common mechanism in diamond, which has been extensively studied in the NV − center. The charge transfer dynamics between the SiV − center and its neutral state, the SiV 0 center, is however still being investigated. Let us now formulate our hypothesis : under resonant excitation, an electron already in the SiV − excited state can be promoted to the conduction band. Thus, the SiV − is converted into SiV 0 . Then, the electron diffuses and is captured by impurities. If only SiV are present in the diamond, the electron is captured by the SiV 0 which returns to its charged state. Indeed, it is admitted that SiV 0 can recombine with an electron of the conduction band. 13 That could explain why the PL is stable under resonant excitation when no nitrogen is present, as we experimentally checked. If nitrogen is present in the diamond however, the electron can be trapped by a P1 center to form Figure 4 : a) Averaged PLE measured by scanning the resonant laser at 737 nm around transition C, in the presence of green laser light between scans. b) PLE spectra after three different exposure times at 6K : in black without hole burning, in blue t exp = 300 ms and in orange, t exp = 1500 ms. The dots represent raw data and the continuous lines are fitted data. Here P 737 = 0.877µW . The inset shows the width W of the holes inferred from the fit and normalized to the homogeneous linewidth Γ e (W = Γ h /Γ e ). Notice the factor of two between the hole width and the homogeneous linewidth Γ e when t exp tends to zero. a negatively charged P1 center. 25 This defect can further be photo-ionised using a more energetic excitation, such as with green light.
In our experiment, the total loss of PL suggests that the nitrogen concentration of our sample is high enough to trap all the electrons coming from photoionisation of SiV − centers into P1 defects. This process is schematized in Fig. 3 d) . It is important to stress upon the ability of the neutral SiV to efficiently capture an electron for being converted to the charged state. That is why this trapping effect occurs only when other defects are present and are able to trap the electrons, whereas the control of the charge state of the NV center does not require other defects. The fact that this optically controlled charged state switching is not seen on samples free of nitrogen confirms this hypothesis, which was already formulated in Ref. 26 , and is in accordance with Ref. 13 .
Similarly to SiV − , the neutral charge state emits the majority of its photons at the zerophonon line (ZPL) at 946 nm (1.31 eV). In this work, we could not observe the SiV 0 center photoluminescence using laser excitations at wavelengths of 532, 737 and 800 nm. This can be both the result of our poor detection efficiency at 946 nm and due to the presence of a state that decays non-radiatively. It may be observed by pinning the Fermi level such that the neutral charge state has the lowest formation energy. 15 Fermi level engineering in diamond however requires careful control of other structural and point defects, which is difficult when nano-structures are used. Indeed, the presence of surface defects significantly complicates the analysis of the charge transfer dynamics.
Let us now characterize the rate of the state conversion process further. Fig. 3-b) shows the photoluminescence rate as a function of time on a log scale, for two different resonant laser powers : P 737 = 347 nW and 683 nW for traces i) and ii) respectively. The decay process features two long time scales, a shorter one, in the hundreds of millisecond range, and a longer one, in the tens of second range. These two time-scales are the result of excitation of an inhomogeneous class of emitters: the emitters which are exactly at resonance are trapped into the dark state faster than ones which are detuned. The short (resp. long) times scale thus correspond to the population dynamics of resonant (resp. off resonant) emitters. in accordance with the model described below.
The characteristic faster decay rate is also plotted as a function of the square of the power in Fig. 3-c) . The decay rate plotted on the y axis is the inverse of the duration needed to lower the PL by 75%. A linear dependence of the decay versus the square of the laser power reveals the two-photon nature of the fast excitation process, as described by the level scheme shown in Fig. 3-d) . Another fit, the blue line, corresponds to a fit using a linear dependence with laser power, which does not agree with the data. Since we do not saturate the SiV center at these power levels (as shown in Fig. 2-b) , a linear power dependency of the decay rate would be associated with single photon process, whereas quadratic dependency reveals a two photons transition. It confirms that two resonant photons are needed to promote an electron from the fundamental SiV − state to the conduction band and implies a energy gap between the SiV − center and the conduction band that is less than 1.64 eV. Further work will be done in order to understand the discrepancy that exists between this explanation and the ab initio calculations that show that the SiV − excited state lies much closer to the valence band. 27, 28 This two-photon process is not seen on every pyramids however. Around 75% of the dozen of studied pyramids show this dependence, the other show a linear dependence with power, which may then stem from a saturation of the transition between the excited state of the SiV − to the continuum.
Having observed and analyzed this charge transfer mechanism, we now come back to resonant PLE. To perform PLE, the resonant laser power and scan durations are now chosen in order to ensure that the illumination duration is shorter than the PL loss timescale. As shown in Fig. 4-a) a green laser is turned on before and after the scan. The PLE spectrum is the accumulation over several scans separated by a green laser illumination so as to recover the PL signal. A typical PLE scan around transition C is shown in Fig. 4-a) and features similar asymmetrical profiles than the ones observed in Ref. 17 using a Fabry-Pérot cavity.
Here, a minimal fit to the PLE spectra is found by using three displaced Gaussian curves of varying widths. These are the dashed lines in Fig. 4-a) . Although the overall width of the PLE spectrum is found to be 7 GHz, this fit suggests that the spectrum is comprised of several emitters of varying width and central position. Let us give a tentative interpretation to the fit that we obtain. Axial strain shifts the line center of the SiV− center towards to high wavelengths, whereas transverse strain shifts all the frequency to the blue. 29 Since all 4 SiV lines feature a tail dragging to high frequency, a possible effect is that the ensemble of SiV at lower frequency experience a more homogeneous axial strain. The SiV centered at 5 GHz may be at another more strained position in the sample, and experience a broader strain distribution. One may stem from the original HPHT seed. The other may come from the CVD in the growth process. A more realistic model would include more families with widths continuously increasing towards high frequencies. An other explanation could be the presence of a strain gradient together with an SiV concentration gradient. The density is higher at the apex of the tip where the strain is fixed by the seed crystal. Going to the base of the pyramid, the strain would continuously change to the value specific to the CVD bulk while the concentration decreases. The sequence is depicted in Fig.4-b) . After a short green illumination to ensure that the SiV centers are in the bright state, the sample is exposed to resonant light at a fixed frequency at the center of the inhomogeneous profile ν = 0 during a time t exp . The frequency of the resonant laser is then scanned over tens of GHz around the central frequency during 100 ms, shorter than the characteristic transfer rate to the dark state. The photoluminescence is recorded during the scan. To obtain a high enough signal to noise ratio, another green laser pulse is applied after the scan, and the sequence is repeated. The resulting spectra are plotted in Fig 4-b) . As expected, the PLE spectra now feature holes within the inhomogeneous profile, centered at a frequency ν = 0 and with widths that depend upon the exposition time t exp . The data are well fitted by a model that we present in the SI.
This charge state conversion therefore allows us to perform efficient persistent spectral hole burning, which gives access to the homogeneous linewidth. The measured estimated homogeneous width is 390 ± 12 MHz, which is only 2.8 times greater than the homogeneous width obtained in bulk samples. 3 Further work will be conducted to estimate the contribution of spectral diffusion on the obtained width, but our results already show that it is very small in such nano-pyramids, which opens perspectives for preparing narrow spectral features containing many SiV − .
In conclusion, we have demonstrated close to lifetime-limited emission from a high density ensemble of SiV centers in a diamond nano-pyramid at cryogenic temperature. We have done so using resonant photo-luminescence excitation in conjunction with persistent hole burning.
We have also shown that impurities that are electron acceptors needs to be present in the diamond to enable SiV charge state control. In our sample, we believe that the nitrogen concentration is high enough to optically trap all the SiV centers in their neutral state and so to cancel out all the SiV − photoluminescence.
Optical control of the SiV charge state has already found applications. It is for instance used to isolate a single SiV − center putting all the other in the neutral state.
14 The hole burning we use is unique in that it is fatigue free and is all optically controlled via a long lived dark states so the technique can be used to create regular spectral patterns that could then be used for light storage, using the atomic frequency comb technique. 31 At present the lifetime of the ground orbital states is most likely limited both by the coupling to impurities and by photons. Using spin echoes and using a dilution fridge to reach mK temperatures could then enable SiV ensembles to be used as an efficient quantum memory for light with long coherence times.
Finally, at room temperature, this effect could also lead to applications for biological imaging. Combining ground state depletion microscopy (GSD) (already performed with NV centers 10 ) and diamond bio-imaging techniques 32 can enable sub-wavelength resolution.
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Supplementary Information
To describe the dynamics of the hole burning technique, we present a model that starts with a spectral distribution of emitters given by the PLE spectrum and assume that they all have the same spectral linewidth Γ e . We assume that the recombination time of the electrons promoted to the conduction band is faster than all the other phenomena at play. We assume that the rate of excitation from the excited state to the conduction band aΦ is much weaker than the excitation rate on the ZPL. In that case, the rate of loss of SiV − centers at the frequency ν 0 as a function of time under excitation at the frequency ν exc with a photon flux Φ is given by aΦ × bΦ 
where d(ν 0 ) is the spectral distribution of the emitters.
Using to this model, we can compute the PLE decay at fixed excitation wavelength. We used it to predict and fit the change in the PL as a fonction of time under resonant excitation, in the experimental traces shown in Fig. 4 and Fig. 3 .
at the same laser power, but with different exposure times. To fit these data with the model, we use three parameters: C 1 = Γ e , C 2 = Φ 2 abt and C 3 = ν exc . We fit at the same time all the four spectra of the series. We thus have a set of six parameters to optimize: C 1 , C 3 and four C 2 . To check the validity of this procedure, we verify that the parameter C 2 is linearly dependent with the exposure time. This leads to the estimation of Γ e which is here 390 ± 12
MHz.
Importantly, according to this model, the linewidth of the hole cannot be lower than 
where A and B are independent on frequency. This corresponds to the convolution of two Lorentzian fonctions. The result is then a Lorentzian fonction with a width that is twice as large as the initial Lorentzian widths.
